Abstract A polyoxometalate-nanocarbon composite, PMo 11 V@N-CNT, was prepared by a simple procedure which consisted of the immobilization of phosphovanadomolybdate (PMo 11 V) onto N-doped carbon nanotubes (N-CNT). The FTIR and XPS characterizations confirmed its successful synthesis. The cyclic voltammograms of glassy carbon electrode (GCE) modified with PMo 11 V and PMo 11 V@N-CNT showed four Mo-centred redox processes (Mo ). All were surface-confined redox processes. Additionally, PMo 11 V@N-CNT/GCE showed good stability and well-resolved redox peaks with high current intensities. The electrocatalytic sensing properties of PMo 11 V@N-CNT/GCE towards acetaminophen (AC) in the presence of tryptophan (TRP) were evaluated by square wave voltammetry. Under the conditions used, the peak current increased linearly with AC concentration in the presence of TRP, with a linear range from 1.5 × 10 −6 to 3.9 × 10 −4 mol dm −3 and a detection limit of 1.0 × 10 −6 mol dm .
Introduction
In order to develop electrochemical sensors with higher performances, the modification of numerous electrode surfaces has been a major focus of research. Different modified electrodes have been prepared using several types of routes. This can be achieved through film growing at the electrode surface by layer-by-layer technique or by electrodeposition using highly redox-active molecular compounds and polyelectrolytes and/or polymers. Another highly popular method is the deposition on the electrode surface of hybrid composite (nano)materials that result from the integration of redoxactive species into sophisticated conductive materials, giving rise to compounds with extraordinary versatility and enhanced performances [1, 2] . An excellent example of conductive nanostructured phases are the carbon-based materials, such as graphene and carbon nanotubes (CNTs).
CNTs were discovered in 1991 by Iijima [3] and are onedimensional materials, consisting of cylinder(s) of graphite layer(s), that may exist as single-walled (SWCNT) or multiwalled (MWCNT) carbon nanotubes [4] . These materials are highly used in the modification of electrodes especially due to their availability, cost-effectiveness and excellent
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• N-doped carbon nanotubes (N-CNT) functionalized with PMo 11 V were successfully prepared.
• The nanocomposite was successfully immobilized into GCE electrode.
• Modified electrode showed electrocatalytic activity for acetaminophen oxidation.
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physicochemical and electrochemical properties. Their large surface area, high electrical conductivity and mechanical strength, chemical stability and wide potential window can be highlighted [5] . As a result, CNTs have found several potential applications, namely in energy-related systems [6, 7] and in electrochemical sensing [8] [9] [10] [11] [12] [13] . It is worth mentioning that, in all cases, the CNTs can act either as the electrocatalyst support or as the electrocatalyst itself. Generally, the CNTbased sensors have the advantage of showing higher selectivity and sensitivity, lower detection limits and resistance to surface fouling and to passivation [10] .
More recently, it has been reported that the chemical doping of CNTs with heteroatoms (e.g. nitrogen and/or boron) can dramatically change their chemical and electrical properties. Nitrogen is considered to be one of the best dopants because its atomic radius is close to that of carbon. Furthermore, Ndoping creates an electron donor in the conduction band (ntype dopant), which leads to noteworthy modifications in electrical conductivity and chemical reactivity [14] . The CNT doping with nitrogen (CNT-N) can contribute to improve their intrinsic electrocatalytic activity, and when used as support, this type of doping can enhance the interaction between the CNT support and the catalyst, creating a new catalytic system with better performance [15, 16] .
Polyoxometalates (POMs) are an important class of metal oxygen clusters of early transition elements, with several important properties such as high chemical and structural versatility, robustness to oxidative degradation, high thermal stability and their solubility depends essentially on the countercation used, which make them promising building blocks for nanocomposites [1] . Simultaneously, the POM framework can undergo reversible and stepwise multi-electron transfer reactions without decomposition, mainly due to the fact that their essential constituents (Mo and W) are in their higher oxidation state, making them attractive candidates to electrocatalysis [17] . Taking into account all these characteristics, the incorporation of POMs into CNTs can be very appealing. In fact, several POM@CNT nanocompositemodified electrodes have been reported [18] , with application mainly in charge-discharge phenomena [19] , energy storage [20] , molecular cluster batteries [21] , lithium-ion batteries [22, 23] , capacitors [24, 25] and electrocatalysis [18, 26, 27] . Several POMs have also been immobilized on metalorganic frameworks [28, 29] , nitrogen-doped graphene [30] and, inclusively, on single-walled carbon nanotubes [26] to nitrite and iodate reduction, ascorbic acid oxidation and dopamine, acetaminophen and theophylline sensing, which shows the wide range of POM electrocatalytic action.
Acetaminophen (paracetamol, AC) is the most widely used analgesic and antipyretic drug in the world, usually used for pain relief and fever [31, 32] . When used appropriately, the side effects are rare but overdoses of AC can cause liver and kidney damage and possibly mortality [33] . Consequently, the determination of AC alone and/or in mixtures is important to control not only the quality of pharmaceutical formulations but also their amount in biological fluids (blood and urine) [34] [35] [36] . Tryptophan (TRP) is one of the 20 essential amino acids for the human body and an important constituent of protein biosynthesis of living organisms [31, 37] . As the human body cannot produce TRP, it is sometimes added to dietary and feed products as a food fortifier and to pharmaceutical formulations in order to correct possible dietary deficiencies [33] . The major problem with TRP is due to the occurrence of its improper metalobization which results in the formation of toxic by-products in the brain, causing hallucination and delusions [37] . The metabolism of TRP is affected by the presence of AC, and so, the development of modified electrodes for the electrochemical detection of these compounds is a very useful tool [32, 38, 39] .
This work reports the preparation of a new nanocomposite, designated PMo 11 V@CNT-N, by the immobilization of the tetrabutylammonium salt of phosphovanadomolybdate [PMo 11 VO 40 ] 5− (PMo 11 V) into nitrogen-doped carbon nanotubes (CNT-N). The nanocomposite was evaluated with success, as an electrochemical sensor, in the detection of acetaminophen in the presence of tryptophan.
Experimental section

Materials and instrumentation
The N-CNT nanomaterial was prepared by catalytic chemical vapour decomposition according to the procedure reported in reference [40] . The N content of the N-CNT sample was 4.1% and was determined by elemental analysis with a LECO CHNS-932 system. The POM was prepared using a procedure described in the literature [41] and characterized by numerous techniques, and the PMo 11 V@N-CNT was prepared using an adapted procedure [26] .
Tryptophan (Fluka), acetaminophen (Sigma-Aldrich, >99 ) and acetonitrile (Romil) were used as received. The spectrophotometer used to acquire the FTIR spectra was a Jasco FT/ IR-460 Plus, and the spectra were obtained in KBr pellets (249.5 mg) containing 0.5 mg of PMo 11 V@N-CNT.
A VG Scientific ESCALAB 200A spectrometer using non-monochromatized Al Kα radiation (1486.6 eV) was used for X-ray photoelectron spectroscopy (XPS) measurements at CEMUP (Porto, Portugal). The correction of eventual deviations was performed using the C 1 s band at 285.0 eV as the internal standard. The software used to deconvolute the XPS spectra was the XPSPEAK 4.1. Scanning electron microscopy (SEM) was carried out using a high-resolution (Schottky) environmental SEM with X-ray microanalysis and backscattered electron diffraction pattern analysis (FEI Quanta 400FEG/EDAX Genesis X4M), in high-vacuum conditions, at the Centro de Materiais da Universidade do Porto (CEMUP).
Electrochemical measurements
For the electrochemical studies either by cyclic voltammetry (CV) or square-wave voltammetry (SWV), an Autolab PGSTAT 30 potentiostat/galvanostat (EcoChimie B.V.) controlled by a GPES software was used. The system used was a three-electrode cell: working-glassy carbon electrode, GCE, (d = 3 mm diameter); auxiliary-platinum wire (7.5 cm); reference-Ag/AgCl (sat. KCl). All studies were carried out at room temperature, and before every experiment, the solutions were purged with nitrogen.
For the electrochemical studies, a H 2 SO 4 /Na 2 SO 4 buffer solution (pH 2.5) was used. All the electrolyte solutions were prepared using ultra-pure water (resistivity 18.2 MΩ cm at 25°C, Millipore).
The dispersion used to modify the electrodes consisted in 1 mg of N-CNT or PMo 11 V@N-CNT in 3 mL of N,Ndimethylformamide (DMF) which was sonicated for 10 min. For the PMo 11 V solution, 1 mg of compound was dissolved in 1 mL of DMF.
Before any experiment or modification, the electrode was carefully cleaned: polished using diamond pastes of 6, 3 and 1 μm followed by aluminium oxide (0.3 μm) on a polishing pad. Then the GCE was washed with ultra-pure water and finally sonicated for 5 min in ultra-pure water. The GCE modification was achieved through drop casting using a 3-μL drop of the appropriate dispersion/solution. The solvent was evaporated under an air flow.
Results and discussion
Nanocomposite preparation and characterization
The TBA-PMo 11 V was prepared according to our previously work and characterized by NMR spectroscopy ( 31 P and 51 V) and FTIR. The NMR spectra (data not shown) presented one peak at −4.6 eV for 31 P and one at −525.4 eV for 51 V, confirming successful POM synthesis [26] . The FTIR spectra of TBA-PMo 11 Vas well as those of N-CNT and PMo 11 V@N-CNT are shown in Fig. 1 . As can be observed, in the TBAPMo 11 V spectrum, the typical POM bands at 2871 and 2960 cm −1 (C-H stretching vibration), 1479 and 1374 cm . The first is assigned to the stretching vibrations of the OH groups, the second to C═N stretching vibrations or C═C stretching vibrations of the aromatic carbon [42] and the latter two are attributed to C-N and C-O stretching vibration, respectively [26, 43] .
The final nanocomposite PMo 11 V@N-CNT was also characterized by FTIR, which confirmed the successful immobilization of TBA-PMo 11 V onto N-CNT through the existence of the bands due to N-CNT in the range of 1120-1580 cm −1 and the vibrational bands assigned to POM in the range of 798-1081 cm −1 and TBA at 2956, 2868, 1478 and 1380 cm −1 .
All materials were also characterized by XPS, and the spectrum of PMo 11 V@N-CNT can be observed in Fig. 2 and of N-CNT in Figure S1 (see Supporting Information, SI). In Table 1 , the surface atomic percentages of each component in both materials are presented and the obtained binding energies are in Table S1 (see SI). The final nanomaterial presents all elements of each component: C, O, N from N-CNT and P, Mo, O, N, V from the POM, which confirms the successful fabrication of the nanocomposite. The atomic ratios of ≈1:11 and 1:1 for V/Mo and P/V, respectively, suggest that the integrity of the POM arrangement is maintained after its immobilization.
The C 1 s spectrum of pristine N-CNT ( Figure S1 (a), SI) was fitted with six peaks at: 285.0 eV-graphitic structure (sp 2 ) (major peak), 286.2 eV-C-C and C-N, 286.9 eV-C-O, 287.8 eV-C═O, 288.9 eV-−COO and the peak at 291.0-shake-up satellite for the π-π * transition [44, 45] . For PMo 11 V@N-CNT, the C 1 s spectrum (Fig. 2a ) was also fitted with six peaks: 285.0, 286.2, 287.1, 287.9, 288.6 and 290.3 eV with the same assignment as for N-CNT. The peak at 286.2 eV presented an increase, which is due to the tetrabutyl groups from the salt. Also for the N-CNT, the O 1 s high-resolution spectrum was fitted with two peaks at 531.1 and 533.3 eV attributed to O═C (ketone, quinone moieties) and to O-C from ether and phenol groups, respectively. The PMo 11 V@N-CNT O 1 s spectrum was deconvoluted into three peaks with binding energies at 530.8, 531.4 and 532.7 eV. The first peak is ascribed to O-Mo [26] , and the last two are assigned as described for N-CNT.
The N 1 s XPS spectrum of N-CNT was deconvoluted into five peaks: 399.1, 401.5, 404.1, 406.5 and 409.6 eV attributed to pyridinic-N, pyrrolic-N, graphitic N, pyridinic N + -O − and some oxidized N, respectively [46, 47] . For the final composite (PMo 11 V@N-CNT), the presence of N could be evaluated, but for the atomic percentage determination, we had to take into account the overlapping of the Mo 3p and N 1 s peaks, so the spectrum was fitted considering the existence of the Mo 3p and N Binding energy / eV 6+ (atomic % of 1.6) suggests that a significant photoreduction of POM occurred. This could have happened during the nanocomposite preparation or when it was exposed to the X-ray source as Mo-polyoxometalates are easily reduced by external factors such as radiation, high pressures and heat. Nevertheless, as their redox processes are reversible, if these factors are stopped, they return to the original state ( Table 2 ).
The image obtained by SEM of the PMo 11 V@N-CNT (Fig. 3) revealed that the N-doped carbon nanotubes are decorated with light micro-sized spots that correspond to polyoxometalate aggregates. The EDX spectrum of composite material confirms the existence of Mo, V and P from the polyoxomolybdate and N belonging to the N-CNT, as well as the elemental mapping analysis revealed homogeneous distribution of all these elements in the composite material confirming the uniform incorporation of the PMo 11 V into the N-CNT (Fig. 3) .
Materials electrochemical characterization
Prior to the nanocomposite electrochemical behaviour studies, the electroactive surface area of bare GCE and modified electrodes (N-CNT/GCE and PMo 11 V@N-CNT/GCE) were evaluated. These were determined from the CVs of 1 × 10 −3 mol dm −3 K 3 [Fe(CN) 6 ] in 1 mol dm −3 KCl (Fig. S2 , SI) using the Randles-Sevcik equation (Eq. 1) and assuming that electrode processes are controlled by diffusion: ) and R ∞ is the concentration of the species (mol cm −3 ) [36] . The A values obtained were:
0.0443, 0.0484 and 0.0595 cm 2 for bare GCE, N-CNT/GCE and PMo 11 V@N-CNT/GCE, respectively. This means that when the electrode is modified with N-CNT, the electroactive surface area increases ≈9 %, and if the modifier is PMo 11 V@N-CNT, the increase is close to 34%. This suggests a better pathway for the electron-transfer of [Fe(CN) 6 ] 3−/4-in the latter electrode. Also, the peak-to-peak separations (ΔE p ) scan rates used. The electrochemical performance of PMo 11 V/GCE and PMo 11 V@N-CNT/GCE was studied in pH 2.5 H 2 SO 4 / Na 2 SO 4 buffer solution (Fig. 4) . The CVs obtained for PMo 11 (Fig. 4b ) also shows five redox processes: E pcV1 = 0.318 V, E pcMo1 = 0.072 V, E p c M o 2 = − 0 . 0 1 8 V, E p c M o 3 = − 0 . 2 1 6 V a n d E pcMo4 = −0.364 V vs. Ag/AgCl. Nevertheless, compared with the POM/GCE, all the peaks are much better resolved and have higher current intensities (≈20 times higher). This suggests faster electron-transfer kinetics, which is related with the unique electronic property of the N-doped carbon nanotubes. The scan rate effect was also evaluated, and in the range 0.02 to 0.5 V s ), A = 0.07065 cm 2 (geometric area of GCE), R is the gas constant, T = 298 K and F is Faraday's constant. Peak currents of Mo 1 were plotted against ν, and the value of i p /v obtained was used to calculate the electrochemical surface coverage: 0.006 nmol cm −2 for PMo 11 V and 0.092 nmol cm −2
for PMo 11 V@N-CNT. The modification with PMo 11 V@N-CNT leads to an electrochemical surface coverage 15 times higher than that obtained for PMo 11 V. This increase is a consequence of the high surface area of N-CNT which allowed the presence at the GCE surface of greater quantity of the electroactive PMo 11 V. The pH of the electrolyte solution effect was also evaluated. In Fig. 6 , the plots of E p vs. pH for PMo 11 V@N-CNT/ GCE are depicted. The results show that all the redox processes present a marked dependence of E p and i p with pH: the increase of pH, from 2.5 to 4.0, shifts the peak potentials to more negative values, while the peak currents gradually decrease. The reduction increases the negative charge density at the heteropolyanion and, thus, its basicity. As a consequence, the reduction is accompanied by protonation. The dependence of E p vs. pH corresponds to straight lines that show slopes between 0.083 and 0.103 V/pH unit (0.997 ≥ r ≥ 0.949), which indicates that the redox processes require the involvement of protons. In the experimental conditions used and assuming a Nernstian behaviour, the V-based reduction corresponds to a one-electron/two proton process while the Mobased reductions correspond to two-electron/three proton processes [26, 48] .
Electrocatalytic sensing performance of nanocomposite modified electrodes
The electrochemical oxidation of acetaminophen (AC) and tryptophan (TRP) was first studied individually by SWV at the three different electrodes. PMo 11 V@N-CNT-modified electrode, the peak current increases ≈127% when compared with that obtained with a bare GCE, and the peak potential shifts only 0.031 V. These variations suggest that the PMo 11 V@N-CNT composite material has a strong interaction with the AC species, leading to a better detection.
The TRP peak appears at almost the same potential when the N-CNT/GCE is used (change of 0.010 V) and the peak currents only increase ≈3%. More significant results were obtained for PMo 11 V@N-FLG/GCE: E pa cathodic shift of 0.091 V and i p of 2586%, suggesting that this modified electrode is very sensitive to the presence of TRP. in the presence of TRP (inset in Fig. 8 ), leading to a detection limit (DL) of 1.0 × 10 −6 mol dm −3 (DL = 3σ/slope, with σ = standard deviation of the blank).
The use of this type of POM or POM-based nanocomposites for the determination of biomolecules is scarce, and most examples concern their application towards dopamine and ascorbic acid with good results compared to other more expensive solutions [26] . As far as we know, these have never been used for acetaminophen determination. Nevertheless, the obtained DL in this work is very close to that reported (0.83 × 10 −6 mol dm −3 ) for a similar study with a ; however, this involved the use of gold nanoparticles which is less cost-effective and requires more complex sensor architecture. . Inset: plots of the anodic peak current as a function of the AC concentration Finally, the stability of the PMo 11 V@N-CNT/GCE was evaluated by measuring and comparing the i p a of 0.5 mM AC in pH 2.5 H 2 SO 4 /Na 2 SO 4 (pH 2.5) at the beginning and at the end of all set of experiments (data not shown). The E p did not change, and the i p only decreased by 2%, which confirms the electrochemical stability of the proposed modified electrode.
Conclusions
The phosphovanadomolybdate PMo 11 V was successfully immobilized on N-doped carbon nanotubes. XPS revealed that the POM structure was kept in the final nanocomposite. The preparation of modified electrodes with PMo 11 V@N-CNT was easy, fast and reproducible and leads to stable electrodes. PMo 11 V@N-CNT/GCE revealed five well-defined, surface-confined redox processes that were attributed to 4 Mo centres (Mo VI → Mo V ) and a V centre (V V → V IV ). The study of pH effect revealed that all electrochemical processes required the involvement of protons. The electrochemical surface coverage obtained for PMo 11 V@N-CNT nanocomposite was 15 times higher compared to PMo 11 V, which constitutes an outstanding advantage for electrocatalytic applications: PMo 11 V@N-CNT showed good electrocatalytic sensing properties towards AC and TRP oxidations and allowed the detection of AC in the presence of an excess of TRP.
